Fruit loss to birds is a long-standing and costly problem for many producers. We conducted a survey of Honeycrisp apple, blueberry, cherry, and wine grape growers in California, Michigan, New York, Oregon, and Washington to estimate costs of bird damage and benefits of bird damage management. We also assessed grower perceptions of impacts on profits and effectiveness of bird management techniques. Current yield-loss estimates provided by growers and market price data were used to monetize current bird damage in each crop and growing region. Data on expected damage without management were used to estimate the benefits of bird damage management as it is currently being employed in the different crops and growing regions. We estimated that current bird damage costs per hectare ranged from $104 in Oregon tart cherries to $7267 in Washington Honeycrisp apples.
Introduction
The US is one of the top five fruit-producing nations in the world, accounting for over 29 million metric tons of production in 2009 (FAO, 2012; USDA ERS, 2011) . Annual cash receipts from US fruit production currently exceed $15 billion, making fruit agriculture an important sector of the US economy. Rising incomes, both domestic and foreign, as well as better transportation technologies and growing awareness of health and nutrition, will only serve to increase the importance of fruit agriculture to the US economy. Thus, addressing threats posed by fruit crop pests and improving productivity and profitability is of great economic and social importance.
Fruit loss to birds is a long-standing and costly problem (Virgo, 1971; Dolbeer et al., 1994; Simon, 2008) affecting producers across the globe (Somers and Morris, 2002; Ahmad, 2010; Ribot et al., 2011) . USDA NASS (1999) reported that US growers lose tens of millions of dollars each year through direct losses and oftenineffective efforts to deter birds, although the study was limited to two crops and seven states. In addition to outright consumption, birds damage fruit, leading to increased susceptibility to other pests and pathogens, and reduced product quality (Pritts, 2001; Duffy and Schaffner, 2002; Holb and Scherm, 2008) .
The economics of bird damage to fruit crops has received relatively little research attention compared to other agricultural pest problems (Gebhardt et al., 2011) . Yet for many producers the impacts can be severe and management costly. Previous research on bird damage is mostly comprised of individual studies on either a single bird species or multiple species impacting a single crop (Crase et al., 1976; Hothem et al., 1981; Gadd, 1996; Cummings et al., 2005; Berge et al., 2007; Delwiche et al., 2007) , or a single species impacting multiple crops (DeHaven, 1974) , and thus a limited focus. A multi-crop, multi-region analysis allows investigation of the broader impact of bird pests, permits examination of damage differences between regions, and provides a better assessment of the benefits of employing various methods for bird damage management. A more comprehensive study would also allow growers to choose more effective management techniques and allow policymakers to make better-informed decisions about regulation and resource allocation. Few studies have attempted to evaluate multiple pest species' damage to multiple crops (Razee, 1976; USDA NASS, 1999; USDA NASS, 2002; Hueth et al., 1997; Gebhardt et al., 2011) .
Our objective was to estimate bird damage to Honeycrisp apples, wine grapes, blueberries, and sweet and tart cherries in five important fruit-growing regions within the US. California (CA), Michigan (MI), New York (NY), Oregon (OR), and Washington (WA) together are responsible for over 70% of U.S. fruit production (USDA ERS, 2012). All five states produce apples (although Honeycrisp apple production is negligible in California and Oregon), wine grapes, blueberries, and sweet cherries, and four of the five states also produce tart cherries (USDA NASS, 2012b), allowing for regional comparisons. All of these crops are susceptible to bird damage and the states represent a range of production systems and potential bird pests. While planning the project we talked with numerous growers and extension personnel about the crops to include in the survey. Honeycrisp was singled-out because these individuals expressed a strong interest in the variety because of its perceived high susceptibility to bird damage and the high financial losses of damage given that it is a fresh market apple.
We surveyed fruit growers to provide data on the current threat posed by bird damage, as well as the benefits of mitigation efforts. Solicitation of growers' estimates of current damage and their expectations of the extent of damage without management allowed estimation of the benefits of bird management as it is currently being used. Additionally, both the current cost of bird damage and the benefits of management were monetized based on recent market prices. Monetization of these estimates allows comparison not only across growing regions, but also across the different crops. Results provide important information to policymakers, scientists, growers, and other stakeholders by highlighting those crops and regions where bird damage poses the most severe threat to grower profitability.
Methods

Survey instrument
The survey instrument consisted of 21 questions that solicited information about the locations and size of the grower's farm, growers' level of fruit production experience, production area and yield data for the crops of interest, bird damage, bird management methods, and estimated costs for bird damage management. The instrument is available from the authors by request.
Survey implementation
Members of the Human Dimensions Research Unit (HDRU) at
Cornell University assisted with survey implementation. Members of the research team suggested potential groups (e.g. New York Apple Association) that might have membership lists containing fruit growers in the target audiences in each state. HDRU staff and other members of the project team contacted those groups and obtained mailing lists as possible or secured cooperation from groups to complete survey implementation on behalf of the study team. Ultimately, a total of 17 groups agreed to participate at some level: 8 groups provided a mailing list for use by HDRU, 5 groups would not release their mailing lists but agreed to implement a mail survey to their members, and another 4 groups would not release their mailing lists but agreed to conduct a web-based survey of their members.
All survey mailings were completed between March 5 and May 1, 2012 ( Table 1) . Members of all groups received an identical questionnaire and similar cover letters. In 4 of 5 mail surveys implemented by HDRU, members of each sample were contacted up to four times (i.e., (1) an initial letter and questionnaire, (2) a reminder letter, (3) a third reminder letter and replacement questionnaire, and (4) a final reminder about one week after the third mailing). In one mail survey implemented by HDRU, and all mail surveys implemented on behalf of the research team, nonrespondents received up to three mailings (i.e., (1) an initial letter and questionnaire, (2) a reminder letter, and (3) a final reminder letter and replacement questionnaire 1e2 weeks after the follow- (2000) Total Design Method, including a brief, respondent-friendly questionnaire, multiple contacts by first-class mail, and cover letter elements that personalized correspondence. The Survey Research Institute at Cornell University (SRI) was contracted by HDRU to conduct telephone surveys with nonrespondents in four survey groups for which the investigators had contact information: Michigan cherry and wine grape growers, and New York blueberry and wine grape growers. The nonrespondent interview contained a few questions to assess whether respondents differed from non-respondents on key traits (e.g., whether they grew the target fruit crops, whether they had experienced bird damage in 2011).
HDRU staff worked with the Survey Research Institute (SRI) at Cornell University to adapt the mail survey instrument for use in a web-based format. The four groups who agreed to assist with web survey implementation were provided with cover letters for up to three email contacts with their members. The cover letters included a link to a secure website where growers could complete the questionnaire. Group representatives told HDRU staff that email contacts went out between March 15 and April 6. The website for data collection was closed on May 30th, 2012. The total estimated sample size for all five web-based surveys was 1593.
Estimating costs of damage and benefits of management
We designed three questions to provide information for estimating the economic impact of bird damage and the benefits of management. First, we asked growers to estimate the percentage of their production they lost (yield-loss) to birds in the previous year. Second, we asked growers to report their expectation of consequences for bird damage on their property if no attempt was made by any grower in the region to control damage. Finally, we asked growers how they believed damage levels would change if they made no attempt to control damage on their property, but other regional growers maintained current management practices. It is likely that the amount of damage in absence of management would vary depending on the extent of management on other farms in the region. By soliciting growers' expectation of damage levels without management in two different ways, we captured alternative expectations based on different assumptions about the level of management on other farms in the region.
Yield-loss averages and yield savings due to bird management in each crop and state were calculated based on survey responses. By comparing yield-loss with and without management, the benefits (yield savings) of bird damage management can be estimated. Benefits are a function of the value of the crop protected, the level of damage that would occur without control, and the effectiveness of current management techniques. Current yield-loss estimates and management-benefit estimates for blueberries, cherries, and wine grapes in each state were monetized based on state-specific average price, production area, and production data from 2008 to 2010 from USDA ERS (2011). It is important to present damage in monetary terms if the burden of bird damage is to be compared across crops or regions. Different crops are valued at different amounts, and prices can also vary by region. Thus, equal yield-loss does not necessarily imply equivalent burden on growers. Little data on Honeycrisp prices were readily available so we assumed Honeycrisp prices were $1.03 per pound in all states (WSU Extension, 2011) . Per-hectare yield estimates for Honeycrisp apples were assumed equal to average all-apple yield in each state, and total production estimates were formed by weighting total apple production by the ratio of the Honeycrisp production area to total apple production area (USDA NASS, 2006a; USDA NASS, 2006b; USDA NASS, 2012a; WSU, 2011).
Results
Sample sizes
In total, 89 participants completed the web-based survey instrument; an additional 23 participants returned uncompleted questionnaires. The low response rate precluded inclusion of webbased survey data in this analysis. However, we received 2353 completed mail-based questionnaires, resulting in a 30.7% response rate (Table 2) . Most (67.6%) respondents grew wine grapes, blueberries, cherries, or Honeycrisp apples, resulting in a final sample size of 1590. A total of 1572 responses were from CA (22.5%), MI (28.2%), NY (25.2%), OR (7.5%), or WA (16%).
It was not possible for us to thoroughly examine potential nonresponse, because we were not given access to contact information for growers in most of the groups surveyed. We did have information sufficient to complete follow-up telephone interviews with samples of nonrespondents in four groups: New York grape growers (n ¼ 75), Michigan grape growers (n ¼ 50), Michigan cherry growers (n ¼ 50), and New York blueberry growers (n ¼ 28). These interviews suggest that nonresponse was highest in the groups that contained the largest proportions of non-fruit-growing members. For example, only 33% of nonrespondents, and 41% of respondents in the New York wine grape mailing list had actually grown wine grapes in 2011 (response rate for the New York grape mailing list was 45%). On the other hand, 82.1% of nonrespondents, and 85.7% of respondents in the NY blueberry mailing list had actually grown blueberries in 2011 (response rate for the NY blueberry mailing list was 55%).
Survey results
Most respondents (n ¼ 1541) provided the number of hectares of fruit crops on their farms in 2011. Farms had 66 ha of fruit crops on average, and answers ranged from 0.04 to 3480 ha. Respondents had been farming an average of 31.9 years (SD ¼ 18.8) and 71.6% of those surveyed said that farming was their primary occupation (Table 3) . Growers described which damage-management methods they used (Fig. 1) and reported the effectiveness of the various methods of reducing bird damage (Fig. 2) . We report the average percent of the production area on which the various types of bird management were used (Table 4) , and the growers' qualitative assessment of the effects of bird damage on profit (Fig. 3) . In order to determine which birds were causing the most damage, we implemented a scoring system to rank each species (Table 5 ). A species that was ranked first by a respondent was assigned three points, the second-ranked species two points, and the third-ranked species one point. Note that the rank of certain species (e.g. Wild Turkey) may be biased by the ease of species identification.
Economic analysis
Responses for each of the three questions that provide the data for the economic analysis that were beyond two standard deviations from the mean response for each crop were removed from the sample due to the possibility that these responses represented growers who misinterpreted the question, or intentionally misrepresented damage (Table 6) . Unreported sensitivity analysis confirmed that removal of these observations had little effect on the results. New York growers report the highest yield-loss when averaging (unweighted) across the five crops, and averaging across states implies that sweet cherry growers incur the highest yield-loss ( Table 7) . The estimate of 31.4% yield-loss in New York sweet cherries drives both of these results. Oregon growers suffered the least yield-loss, and Honeycrisp apple growers reported a lower percentage yield-loss than growers of other crops. The estimates of yield-loss by crop and state, in combination with price and production data, were used to calculate the current costs of bird damage given current method of control (Table 8 ). The estimates of the benefits (yield savings) of bird management are presented in both a per-hectare basis and statewide basis ( Table 9) . The low and high estimates were derived from the difference in responses between the two questions that solicited damage estimates when no management was used. For some crops and states, growers expected lack of any bird management in the region to result in more damage than only lack of local bird management; for other crops and states growers expected the opposite. This inconsistency is likely due to the considerable uncertainty about the true result of a lack of any bird management in the region. 
Discussion and conclusion
We present results in two ways; damage per-hectare highlights the relative burden on growers of each crop within each state, while damage across the entire production area highlights the relative burden placed on the broader economies. Yield-loss and economic impacts caused by birds, as well as the benefits of managing bird damage, vary considerably by crop and growing region. Blueberry and Honeycrisp apple growers tended to suffer the largest losses from bird damage on a per-hectare basis. However, when considering the amount of production of each crop that occurs in the five states, sweet cherries and wine grapes have the highest amounts of aggregate monetary damage. The benefits of current bird damage management were estimated to be highest in blueberry and Honeycrisp production. From an aggregate standpoint, the benefits (yield savings) of bird damage management were greatest for California wine grape and Washington Honeycrisp apple and sweet cherry production; not necessarily because growers in these regions face a relatively high threat from birds, but instead because production is heavily concentrated in these regions.
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Similarly, differences in damage across the five crops are a result of many factors. Certain crops are inherently more attractive to birds, and it may be more difficult to manage birds in some crops. For example, wine grapes and blueberries can be protected by netting more easily than crops such as apples and cherries. Whether a crop is intended for fresh market or processing may be another factor. Growers of crops such as tart cherries and apples intended for processing may be more tolerant of bird damage because imperfect fruit may still be marketable. Alternatively, fresh-market growers may be less tolerant of damage because damaged fruit is unmarketable.
The estimates of bird damage and the benefits of management provided by this analysis show that both have a significant impact on growers. Responses to supplementary survey questions indicated that a majority (56.7%) of growers believed bird damage to be one of several significant factors that determine profitability; 6% believed bird damage was the most significant factor. Additionally, 22.7% of growers reported yield-loss in excess of 10%. However, the impacts of bird damage are not limited to growers. Processors who purchase these fruits, and consumers who purchase the fresh fruit and derived products, are ultimately harmed by the higher prices they pay because of bird damage. The benefits of damage management are similarly not limited to grower profitability. Ultimately, it is the consumer that benefits by paying less for fruit and other food products when growers are able to employ effective bird management.
Bird damage-management benefits could be higher and costs to growers and consumers lower if more effective bird management techniques were available or if current techniques could be refined to increase their effectiveness. Most management techniques were classified by growers as ineffective, or only slightly effective. Netting, the technique ranked as most likely to be effective, is costly. Thus, our results point to the need for innovative solutions to bird management and refinement of techniques that currently exist.
There are several shortcomings of this analysis that should be noted. First, we relied on data provided by a survey of growers who may not have accurate perceptions of current levels of bird damage, or what damage would be without control. Additionally, the sample of growers that completed the survey may not be representative of all growers and the number of responses for some crops in some states is low, making reliance on those responses to form state-level estimates tenuous. In particular, results related to California and Oregon blueberries, Oregon and Washington tart cherries, and Oregon wine grapes should be interpreted with caution. There may also be varietal differences in bird damage that were not captured by our data. We were unable to follow up with many nonrespondents because we were not given direct access to grower contact information in all cases. Finally, few data are available on Honeycrisp apple production and prices, and we were forced to rely on estimates from multiple sources and make assumptions based on other types of apple production or outdated data.
The results of our analysis are useful for several reasons. First, by identifying which crops and regions are impacted by high levels of bird damage, researchers can more effectively focus limited resources. Growers also benefit by gaining a more complete understanding of how bird damage impacts other growers in their region, how damage varies across growing regions, and how beneficial management may be. Finally, policymakers and the public benefit by having a better understanding of both current bird damage to the selected crops and the benefits of its management. Some preventive methods of bird damage management are controversial (e.g., chemical repellents, auditory deterrents, or shooting), and their use heavily regulated. It is important that regulators and the public have accurate information about the benefits of managing birds in fruit crops if new regulations are considered or if resources are to be invested in developing new or more effective management techniques.
